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Abstract
The Soft X-ray Spectrometer (SXS) is one of four instruments that will be flown on the Japanese Astro-H satellite, planned for 
launch in late 2015/early 2016.  The SXS will perform imaging spectroscopy in the soft x-ray band using a 6x6 array of silicon 
microcalorimeters operated at 50 mK, cooled by an adiabatic demagnetization refrigerator (ADR).  NASA/GSFC is providing the 
detector array and ADR, and Sumitomo Heavy Industries, Inc. is providing the remainder of the cryogenic system (superfluid 
helium dewar (<1.3 K), Stirling cryocoolers and a 4.5 K Joule-Thomson (JT) cryocooler).  The ADR is unique in that it is 
designed to use both the liquid helium and the JT cryocooler as it heat sink.  The flight detector and ADR assembly have 
successfully undergone vibration and performance testing at GSFC, and have now undergone initial performance testing with the 
flight dewar at Sumitomo Heavy Industries, Inc. in Japan.  This paper summaries the performance of the flight ADR in both 
cryogen-based and cryogen-free operating modes.
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1. Introduction
The SXS instrument (Mitsuda, et al., 2010) on Astro-H (Takahashi, et al., 2010) will use a small array of ultra-
sensitive microcalorimeters to achieve high-resolution imaging of x-rays in the energy band from 0.2-13 keV.  This 
is accomplished by cooling the 6x6 detector array to 50 mK using a multi-stage ADR (Shirron, et al., 2012), whose 
operation is supported by a cryogenic system (Fujimoto, et al., 2010) consisting of a 30-liter superfluid helium tank,
a 4.5 K JT cryocooler, and two pairs of 2-stage Stirling cryocoolers.  One pair is used to pre-cool the JT loop and the 
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other reduces parasitic loads on the helium tank and JT cooler.  This architecture, shown schematically in Fig. 1, was 
chosen because it not only meets the lifetime requirement of 3 years, but also achieves redundancy in the sense that 
the instrument can meet all of its Level 1 science requirements while operating with liquid helium, and in cryogen-
free mode after the liquid is depleted.  When liquid helium is present, only the two colder stages of the ADR (S1 and 
S2 in Fig. 1) are used to cool the detectors, operating in a single-shot mode.  When the liquid is depleted, the two 
upper stages (S2 and S3) work together as a continuous ADR, rejecting heat to the JT cooler and cooling the helium 
tank to a constant temperature of ~1.6 K.  The remaining stage (S1) continues to operate in a single-shot mode, 
rejecting heat periodically to Stage 2, as it cools the detectors to 50 mK.  The hold time at 50 mK is shorter in 
cryogen-free mode because of the higher boundary temperature for the heat switch (HS1), but it still achieves the 
required 90% observing efficiency required of the SXS instrument.
At present, the flight ADR and detector assembly have been integrated into the flight dewar at the Sumitomo 
Heavy Industries, Inc. facility in Niihama, Japan.  An initial round of testing was conducted to verify that the 
instrument was operating properly before final close-out of the dewar, as this involves several time-consuming 
processes, such as interleaving MLI layers and staking of harnesses.  Nevertheless, the condition of the dewar and 
cryocoolers was sufficiently flight-like that the observed ADR and detector performance is a good (if conservative) 
indicator of how the instrument will perform on orbit.  This paper presents a summary of ADR performance in both 
cryogen-based and cryogen-free operating modes.
2. 3-Stage ADR Configuration
Although the SXS ADR is essentially two thermally independent assemblies, it is configured as a single, drop-in 
unit with one mechanical interface and two thermal interfaces to the Japanese hardware.  The ADR and detector 
assembly, collectively called the Calorimeter Spectrometer Insert (CSI), is shown in Fig. 2. The mechanical 
connection between the CSI and the top of the helium tank not only creates the primary thermal interface between 
the ADR and liquid helium, it also controls the alignment between the detectors and the external x-ray mirrors.  The 
second thermal connection, between the ADR and the JT cooler, is made via a flexible thermal strap extending from 
the warm end of heat switch #4 (HS4) to a rigid thermal strap on the JT shield.  
Fig. 1. Schematic of the SXS cryogenic system.  The US-provided components are enclosed in the dashed boxes.  The connections between 
the ADR stages and the JT shield (Stage 3) and the 1.2 K shield (Stages 1 and 2) indicates their thermal anchoring. 
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ADR stages S1 and S2 are thermally anchored to the CSI plate, so that all heat generated during their cycling 
(direct heat form the salt pills, hysteresis heat from the magnets and magnetic shields, and heat dissipated by the 
gas-gap heat switches) is transferred directly to the helium tank.  ADR stage S3 is structurally supported by the CSI 
plate by means of a conical carbon fiber composite “thrust tube”, but is thermally anchored to the JT cooler (by 
thermally strapping it to the warm end of HS4).  Heat generated by its cycling flows directly to the JT cooler, rather
than to the helium tank.  This avoids what would be a significant inefficiency in having to lift that heat from the 
helium tank (at 1.3 K) to the JT (at 4.5 K).  The penalty is that the mechanical support introduces a steady state heat 
leak from the JT cooler to the helium tank.  Conduction along the thrust tube is estimated to be 110 microwatts.
2.1. ADR Requirements and Design Summary
Table 1 summarizes the top-level requirements for the SXS ADR and detector assembly, and Table 2 summarizes 
the design of the three ADR stages.  The salt pills, suspension systems, thermal straps, magnets, magnetic shields 
and heat switches use as many common designs as possible. Stage 1 is unique in that it uses a hydrated salt (chrome 
potassium alum, CPA), whose required mass and internal thermal bus structure results in a larger salt pill and overall 
stage.  However, stages 2 and 3 are essentially identical, as are heat switches 1 and 2, and 3 and 4.  The four heat 
switches are all active gas-gap, and all use thin-walled Ti15333 tubes for the containment shells. The suspension 
systems all rely on spring-tensioned Kevlar ropes, with separate assemblies supporting the ends of each salt pill 
(except for stage 3 which uses a Vespel SP-1 collar for support at one end).  These assemblies are all kinematic, and 
are sized for maximum launch loads of 20 g at the helium tank.
Table 1. Top-level requirements for the SXS Instrument.
Parameter Requirement
Detector array Minimum 18 pixels operational
Detector operating temperature 0.050 K
Detector temperature stability 2.5 μK rms
Detector housing temperature stability 1 mK over time scales of 0.2 sec to 10 min
Heat load to He tank (with cryogen) <0.2 mW
Observing efficiency 90%
Observing time 3 years
Operational redundancy Fully redundant cryogen-free operation
Fig. 2.  Fully assembled 3-stage SXS ADR.  The left photo shows the top side of the mounting plate with the 3rd stage, and the right photo 
shows the 1st and 2nd stages mounted to the bottom of the plate.  The thermal strap to the JT cooler is attached to the bottom of the heat 
switch to the front and left of the 3rd stage.
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               Table 2. Design parameters for the SXS ADR.
Parameter Stage 1 Stage 2 Stage 3
Paramagnetic material CPA1 Polycrystal GLF2 Polycrystal GLF2
Mass 270 g 150 g 150 g
Maximum magnet current and field 2 A / 2 T 2 A / 3 T 2 A / 3 T
Operation with cryogen
     Demagnetization temperature 0.8 K 1.5 K
     Hold temperature 0.049 K 0.5 K
Cryogen-free operation
     Demagnetization temperature 0.8 K 4.7 K
     Hold temperature 0.046 K 1.6 K 1.4 K
1 CPA=chrome potassium alum
2 GLF=gadolinium lithium fluoride, GdLiF4
3. ADR Operation “With Cryogen”
When liquid helium is present on orbit, only Stages 1 and 2 are operated to provide detector cooling. There are 
several sequences that may be used to recycle a 2-stage ADR.  The sequence used for the SXS ADR achieves the 
fastest recycle time while imposing the lowest cooling capacity requirements on Stage 2.  Regardless of whether the 
ADR is being cooled from an initial warm (~1.3 K) condition, or is being recycled after a hold time, the process 
begins by magnetizing both stages to a slightly (about 10%) higher temperature than the helium tank and powering 
on heat switches HS1 and HS2.  Stage 2 will continue magnetizing as it transfers heat to the tank until it reaches 
peak field.  As Stage 2 then cools, Stage 1 will resume magnetizing as it transfers heat through both heat switches to 
the tank.  Once both stages reach peak field, HS2 is powered off, and Stage 2 is demagnetized at a controlled rate to 
pre-cool Stage 1 to its intended demagnetization temperature of 0.8 K.  When that point is reached, HS1 is powered 
off, and both stages are demagnetized to their operating points of 50 K and 0.5 K.  
The recycle process is shown in Fig. 3 for testing in the flight dewar with the helium pumped to approximately 
1.25 K.  On orbit, the temperature is expected to be less than 1.20 K, but the ADR’s control electronics will 
automatically adjust by calculating control setpoints based on real time conditions.  For the figure, time is taken to 
be zero when the detectors have reached stable operation at 50 mK.  The recycle operation can be completed within 
1 hour.  
After stabilizing the detectors at 50 mK, both stages are demagnetized at the rate needed to absorb heat loads 
while maintaining constant temperature.  The hold time will end when either stage reaches zero current, which for 
the current design occurs first in Stage 1.  Fig. 4 shows the current in Stage 1 during a complete hold time, as well as 
a fit to standard curves (Shirron, 2014).  The fit uses only the salt temperature and entropy absorption rate as 
adjustable parameters, combined with physical parameters such as salt mass and average magnetic field to current 
ratio.  The entropy absorption rate is then compared to a direct measurement of heat load to obtain the heat 
absorption efficiency, the realizable cooling capacity, and the total cycle efficiency.
        
Fig. 3. Temperature and current during a recycle operation with liquid helium present.  Setpoints for the ADR control are based on the 
temperature of the CSI plate which acts as the primary mechanical and thermal interface to the helium tank.
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The entropy absorption rate, with an apparent salt temperature of 48.3 mK, corresponds to a heat load of 
1.36 μW.  The measured value of 1.14 μW gives a heat absorption efficiency of 84%.  Additionally, the theoretical 
cooling capacity of the 270 gram CPA salt pill demagnetized from 0.8 K and 2 T is 0.165 J.  Integrating the 
1.14 μW heat load over the 32 hour hold time gives a realizable cooling capacity of 0.133 J, which equates to a total 
cycle efficiency of 81%.  This efficiency is among the highest values obtained for salt pills operating at 50 mK and 
significantly exceeds the value of 70% assumed during the original design phase. 
The ADR control electronics automatically recycle the ADR when the current falls below 0.005 A, at which point 
temperature stability begins to deteriorate as thermal gradients within the salt pill due to non-uniformity of the field 
assert themselves.  Before that point, the temperature stability, shown over a 1-hour period in Fig. 5, is well within 
the required limits of 2.5 μK rms. The recycle time of less than 1 hour and a hold time of better than 32 hours give
an observing efficiency of better than 97%.  
Since the ADR has multiple heat flow paths to the liquid helium, a calorimetric measurement of the heat load 
produced by the ADR during a full cycle was not practical.  Instead, the individual contributions were determined 
separately. Hysteresis heat generated by the magnets and shields was measured at NASA/GSFC in a configuration 
where Stage 3 could be used to absorb and quantify the heat generated.  The power dissipated by HS1 and HS2 
getters was controlled and could be integrated over the time they were powered.  Lastly, heat output from both salt 
pills could be integrated using the conductance and temperature gradient across HS2 during the cycle.  Table 3 
summarizes these contributions, which total 14.91 J.  Given a total cycle time of just over 33 hours (including the 
recycle time), the time average load to the liquid helium is 0.120 mW, well within the requirement of <0.2 mW.
 
Fig. 5. Temperature stability during the hold time shown in Fig. 4.  The stability requirement is 2.5 μK rms. 
 
Fig. 4. Current in Stage 1 during a hold at 50 mK, compared to a fit to standard demagnetization curves.  The heat load of 1.14 μW was
directly measured during identical hold conditions.  Comparing this to ideal cooling power yields a heat absorption efficiency of 84%.
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      Table 3. Heat produced by operation of the ADR when operating with liquid helium.
Heat source Stage 1 Stage 2 Total
Magnet and shield hysteresis 1.99 J 2.62 J 4.61 J
Heat switch getter dissipation 1.30 J 0.89 J 2.19 J
Heat rejected from the salt pill 2.40 J 5.71 J 8.11 J
Total 14.91 J
4. ADR Operation in Cryogen-Free Mode
When the liquid helium is depleted on orbit, the SXS ADR will change its operating mode to begin using the JT 
cooler as the heat sink.  Stage 3 of the ADR begins repetitive cycling to lift heat from the helium tank and transfer it 
to the JT cooler.  The only constraint on cycling rate is that the heat reject rate must not exceed the available JT 
cooling power.  Otherwise, the 3rd stage is cycled as rapidly as possible.  At temperatures down to about 1.3 K, 
Stage 3’s cooling power exceeds the time average heat load on the helium tank.  The excess heat lift represents an 
excess cooling capacity that is used in the (less frequent) cycling of Stage 1.  
A key aspect of the cryogen-free operation is the need to stabilize the temperature of the detector array housing.  
Changes in housing temperature lead to variations in the detectors’ gain.  If sufficiently large drifts occur on too 
short a time scale – which is based on the count rate of 55Fe x-rays striking a calibration pixel – the gain of the 
detectors cannot be tracked with sufficient accuracy to remove the drift.  The requirement is that fluctuations and 
drift may not exceed 1 mK in any 10 minute period.
To achieve this, HS2 is turned on permanently, and Stage 2 is used as an active heat capacity to stabilize the 
helium tank temperature.  The control thermometer for Stage 2 is located on the detector housing, and a dedicated 
thermal strap links the housing to the salt pill through HS2.  In this configuration, the helium tank and other masses 
attached to it, such as the 1st and 2nd stage magnets and shields, are more weakly coupled to the ADR and may drift 
relative to the detector housing.  However, the effect of these heat capacities can be mitigated by using a differential 
gain term in the Stage 2 control.  
As mentioned, the cycling of Stage 3 produces cooling in excess of the heat load on the helium tank.  This causes 
a build up of cooling capacity in Stage 2, seen as a progressive increase in magnet current (Fig. 6).  When Stage 1 
reaches the end of its hold time, the stored cooling capacity in Stage 2 is used to recycle Stage 1 and allow continued 
detector operation.  Operation in this mode requires that the cooling reserve be built up during the hold time, in 
preparation for the next recycle.  In practice, this can always be achieved by adjusting the helium tank temperature, 
since Stage 3’s cooling power increases (relative to the parasitic heat loads) with increasing temperature.
4.1. Stage 3 Cycling
Fig. 6 shows the repetitive cycling of Stage 3 when the helium tank is being regulated by Stage 2 at 1.6 K, and
the current in Stages 1 and 2 during a complete cycle of Stage 1.  Excess cooling produced by Stage 3 is stored in 
Stage 2, producing a progressively increasing current.  The current is not allowed to reach the peak value of 2 amps 
since that would represent a loss of control capability.  Instead, as Stage 2 approaches the peak current, Stage 3’s 
cooling is throttled back to stabilize Stage 2’s current.
As Stage 1 reaches the end of a hold time, it is recycled.  Recycling consists of magnetizing Stage 1 until it is 
warmer than Stage 2.  Stage 2 decouples from the tank (by powering HS2 off), and thermally connects to Stage 1 
(by powering on HS1).  Using the same process as for cryogen-based operation, Stage 2 demagnetizes in a 
controlled manner to pre-cool Stage 1 to 0.8 K.  Its stored capacity is sufficient to do this as long as its starting 
temperature is less than 1.6 K and its current is above 1.5 A.  At 0.8 K, HS1 is powered off, Stage 1 demagnetizes to 
cool the detectors back to 50 mK, and Stage 2 resumes control of the helium tank.
A notable aspect of cryogen-free operation is that the hold time is considerably shorter – about 11 hours – than in 
“with cryogen” mode.  The heat loads to 50 mK come from two main sources: conduction along wires and Kelvar™ 
connected to the helium tank temperature, and conduction through the containment shell of HS1 connected to Stage 
2.  Both the tank and Stage 2 are warmer in cryogen-free mode, leading to a significantly larger total heat load.  In 
an analysis similar to that presented earlier, the demagnetization curve of Stage 1 can be fit to yield the effective 
heat load.  In this case, a direct measurement of heat load was not possible since the flight ADR control electronics 
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cannot apply controlled heat to the Stage 1 heater.  Instead, the same fit was done as in Fig. 4, and the same heat 
absorption efficiency of 84% was assumed.  Very likely, this overestimates the efficiency and overestimates the heat 
load. The apparent heat load to 50 mK is approximately 3.0 μW, and the salt temperature is slightly above 46 mK.  
The most critical parameter for operation of the SXS instrument is the observing efficiency.  The recycle time in 
cryogen-free mode is less than 45 minutes, and the hold time is consistently about 11 hours – counting only the time 
that the detectors are within their stability limits.  Strictly speaking, Stage 2 is not able to maintain the detector 
housing at the required stability, but the level of stability achieved, shown in Fig. 7, is sufficient to keep the 
detectors within their 7 eV resolution requirement.  Consequently that ADR achieves an observing efficiency of 
about 93%, well within the Level 1 science requirements. 
4.2. Warm Start
An implicit requirement for the ADR and its control electronics is that they must be able to begin operations from 
a warm start, a condition that would exist, for example, after a catastrophic warm up of the instrument and the 
cryocoolers were able to cool back down to 4.5 K.  This was demonstrated in the flight dewar after the helium was 
boiled away by raising the helium tank above 4.2 K.  
The process is shown in Fig. 8, and begins with cycling of Stage 3 to progressively cool the helium tank, ADR 
and detector assembly to below 2 K.  At that point, Stage 2 begins charging and when it reaches full current, it pre-
cools Stage 1.  The first pre-cooling operation does not result in an adequate starting temperature, so a second 
charging of Stage 2 is performed.  Afterward, the system has sufficient stored capacity to fully charge Stage 1 and 
Fig. 6.  The repetitive cycling of Stage 3 (left graph) in cryogen-free mode lifts entropy from the helium tank (at 1.6 K) and transfers it to the 
JT cooler.  Excess cooling produced by Stage 3 is stored in Stage 2, producing a progressively increasing current (right graph).  Recycling 
Stage 1 uses the stored capacity, after which Stage 2’s current is sharply reduced.  
Fig. 7. Temperature stability of the detector housing during cryogen-free operation.  Fluctuations slightly exceed allowable level of 1 mK 
when Stage 3 begins absorbing heat from the helium tank, but the detectors operate within their required resolution during this period.  
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begin normal operations.  The time required for a warm start is approximately 7.5 hours. The only requirement is
that the process be fully automated, which has been demonstrated.
5. Summary
The flight ADR and detector assembly for the SXS instrument on Astro-H completed performance and vibration 
testing in March 2014, and the instrument was delivered for integration into the flight dewar in April 2014.  Two 
separate testing sequences were performed, the first involving operation with liquid helium, and the second in 
cryogen-free mode.  Due to limitations with the test dewar at NASA/GSFC, these operations represented the first 
opportunity to test the ADR and its control electronics in a flight-like configuration, and were primarily intended to 
verify and finalize the design and function of the electronics and control algorithms.  
The ADR and controller have met all of the top-level performance requirements, including observing efficiencies 
of better than 97% and better than 93% in cryogen and cryogen-free operation.  With cryogen, the ADR achieves 
hold times of 32 hours, and requires less than 1 hour to recycle.  In cryogen-free mode, the ADR achieves hold times 
of 11 hours, and requires less than 0.7 hours to recycle.  The temperature stability of the detectors in both modes is 
better than 1 μK rms.  
The dewar is currently being prepared for final closeout, after which the SXS instrument will be performance and 
vibration tested at both the instrument- and spacecraft-level.  Launch is currently schedule for late 2015.
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